Although they do not contribute directly to the proteome, introns frequently contain regulatory elements and can extend the protein coding potential of the genome through alternative splicing. For some genes, the contribution of introns to the time required for transcription can also be functionally significant. We have previously shown that intron length in genes associated with developmental patterning is often highly conserved. In general, sets of genes that require precise coordination in the timing of their expression may be sensitive to changes in transcript length. A prediction of this hypothesis is that evolutionary changes in intron length, when they occur, may be correlated between sets of coordinately expressed genes. To test this hypothesis, we analyzed intron length coevolution in alignments from nine eutherian mammals. Overall, genes that belong to the same protein complex or that are coexpressed were significantly more likely to show evidence of intron length coevolution than matched, randomly sampled genes. Individually, protein complexes involved in the cell cycle showed the strongest evidence of coevolution of intron lengths and clusters of coexpressed genes enriched for cell cycle genes also showed significant evidence of intron length coevolution. Our results reveal a novel aspect of gene coevolution and provide a means to identify genes, protein complexes and biological processes that may be particularly sensitive to changes in transcriptional dynamics.
Introduction
The origin, prevalence, and function of introns in eukaryotic genomes have long been a subject of great interest in molecular evolution. Although typically they do not contribute directly to the protein coding sequences of genes, introns have been shown to play several important functional roles. Introns frequently contain regulatory elements and allow for the process of alternative splicing, expanding the protein coding capacity of the genome, and giving rise to additional modes of gene regulation (Chorev and Carmel 2012) . In mammals, introns comprise up to 95% of transcribed primary protein-coding sequences (Mattick and Gagen 2001) , imposing a significant cost in terms of the energy required for transcription and in terms of the potential for erroneous transcripts resulting from mis-splicing, particularly for genes with longer introns (Fox-Walsh et al. 2005) . The time taken to transcribe introns can be significant. Estimates of the rate of transcription in eukaryotes range from 1 to 4 Kb per minute (Ardehali and Lis 2009 ) with a median rate of transcription estimated from over 2,000 human genes at 1.5 Kb per minute (Veloso et al. 2014) . As an extreme example of the time taken to transcribe long introns, the human dystrophin gene, which is 2.3 Mb in length, 99% of which is intronic, can take up to 16 h to transcribe (Tennyson et al. 1995) , corresponding to a rate of 2.4 Kb per minute. In contrast, genes that are highly expressed tend to have short introns (Castillo-Davis et al. 2002) , and genes that require rapid induction in response to stress are intron poor (Jeffares et al. 2008 ).
The evolution and functional significance of large introns in mammals has been much debated. Lynch (2002 Lynch ( , 2006 proposed that intron expansion is a largely a semi-neutral process, resulting from insufficient purifying selection to remove insertions in organisms with small effective population sizes. The genome design model asserts that intron length reflects gene function (Vinogradov 2006) . This model proposes that housekeeping genes tend to have short introns because they require very little regulation (Eisenberg and Levanon 2003) . Conversely, genes that require more complex modes of gene regulation, such as tissue-specific genes are longer due, in part, to the presence of intronic regulatory elements (Castillo-Davis et al. 2002; Vinogradov 2006) . In opposition to this view, a number of authors have argued that the short introns in highly and ubiquitously expressed genes, such as housekeeping genes, are the result of selection for efficiency, resulting in reduced energetic costs of transcription (Castillo-Davis et al. 2002; Urrutia and Hurst 2003; Seoighe et al. 2005) .
For some genes, the transcriptional delay resulting from the time taken to transcribe introns is functionally significant. This intron delay is particularly important in embryonic development, where precise temporal control of gene expression is required to ensure proper development of the embryo (Swinburne and Silver 2008) . During embryonic development, cells undergo rapid divisions creating a temporal constraint on transcription (Shermoen and O'Farrell 1991) . In Drosophila, introns in genes expressed by the embryo during this period are short, allowing for rapid transcription between cell cycles (Artieri and Fraser 2014) . Intron length can also contribute to more complex forms of gene regulation. Delayed expression, resulting in part from the transcription of introns, combined with negative feedback loops, can create oscillating patterns of gene expression. The Hes7 gene, which is involved in somite segmentation during development, represents an example of this. Removal of introns from Hes7 in mouse resulted in Hes7 being expressed 19 min early and the abolition of expression oscillations, resulting in severe developmental defects (Takashima et al. 2011) . The intron lengths, though in general not the intron sequences, of Hes7 as well as several other genes involved in developmental patterning are highly conserved, suggesting that these genes are under purifying selection to maintain intron length (Seoighe and Korir 2011) .
Intron length also appears to be relevant in protein complex formation as genes that occur within the same complex usually have very similar length ).
Here, we investigated the extent of intron length coevolution across several mammalian genomes using whole genome alignments together with reconstructed ancestral sequences. We hypothesized that sets of genes that require precise coordination in the timing of their expression may be sensitive to changes in intron length and that natural selection can act to maintain the relative lengths of such genes, resulting in correlated changes in intron content. We found that, overall, coexpressed genes and genes belonging to the same protein complex were significantly more likely to have coevolving intron lengths than randomly sampled genes, matched for total intron content. We also found a number of gene modules that showed particularly strongly correlated intron length evolution that may reflect selection acting on relative transcript lengths. We propose that transcript length coevolution can reveal functional constraints on intron lengths and that intron length coevolution may suggest biological processes that require precise temporal regulation of gene expression.
Results
We hypothesized that sets of genes that require precise coordination in the timing of their expression may be particularly sensitive to evolutionary changes in intron content, and that changes in intron content due to insertions and deletions would be correlated among such sets of genes. To identify sets of genes where this may be the case, we compared changes in intron content across the species phylogeny for 9,396 genes from nine mammalian genomes. The phylogenetic tree representing the nine species used in this analysis is shown in figure 1.
Protein Complexes Show Significant Evidence of Intron Length Coevolution
Multi-protein complexes are often precisely coregulated in order to ensure proper assembly and function (Papp et al. 2003 ) and thus we predicted that the intron content of members of some protein complexes may display evidence of coevolution. Subunits of protein complexes tend to be coexpressed (Jansen et al. 2002) , a pattern which is conserved across a wide range of species (Webb and Westhead 2009 ). Studies in yeast have shown that gene expression levels among sets of interacting proteins coevolve (Fraser et al. 2004) , suggesting that the mechanisms that control this coregulation may also coevolve. It has also been suggested that gene length contributes to the coregulation of protein complexes, as genes encoding subunits of multi-protein complexes tend to have similar lengths ). Furthermore, protein-protein interactions are known to be largely conserved across mammals (Pérez-Bercoff et al. 2013) .
We sought to determine whether intron length coevolution could be detected among subunits of known protein complexes, potentially representing a novel aspect of the coevolutionary dynamics of members of multi-protein complexes. To do this, we downloaded all human protein complexes from the core set of the CORUM database of mammalian protein complexes (Ruepp et al. 2009 ). We then carried out a randomization test to determine if members of the same protein complex show significantly greater intron length correlation compared to sets of randomly sampled genes with similar intron content (see "Materials and Methods" section). For this test, we only considered complexes for which at least three genes were present in our original 9,396 gene dataset, resulting in 440 complexes that could be tested.
First, we asked if intron length coevolution could be detected by considering all interacting proteins from across all protein complexes at once. This was done using a randomization test described in the "Materials and Methods" section. We found evidence of intron length coevolution of genes belonging to the same protein complex using this approach (P < 0.0001; fig. 2A ). We next asked which protein complexes showed the greatest evidence of coevolution. We repeated the randomization test, this time considering each protein complex individually. Of the 440 complexes tested, the members of 44 clusters showed evidence of intron length coevolution (uncorrected P < 0.05), the top 10 of which are shown in table 1. Given that there was overall evidence of coevolution of members of the same protein complex and an excess of nominally significant complexes over the null expectation we applied the q-value method (Storey and Tibshirani 2003) to investigate properties of the collection of statistical tests applied to protein complexes. The proportion, p 0 , of tests estimated to conform to the null hypothesis was 0.9, indicating that 10% of tests were not consistent with the null hypothesis ( fig. 3A) . Just one complex, annotated in CORUM as the NCOR1 complex, had a q-value below 0.05 (q-value ¼ 0.04). The full list of nominally significant complexes and their q-values is provided in supplementary table S1, Supplementary Material online.
Intron Length Coevolution in Coexpressed Genes
We next asked if intron length coevolution is a general feature of genes that are coregulated. Sets of genes that are coregulated include coexpressed genes. Indeed, interacting proteins are often coexpressed (Jansen et al. 2002) . We constructed a gene coexpression network containing 60 clusters using publicly available gene expression data from the Genotype-Tissue Expression (GTEx) consortium (see supplementary table S2, Supplementary Material online, for a list of genes included in each coexpression cluster) (Lonsdale et al. 2013 ). Although we allowed for overlapping clusters in our method (see "Materials and Methods" section), we found that the clusters identified were largely nonoverlapping and independent (supplementary fig. S1 , Supplementary Material online). For this analysis, we only considered the 50 clusters for which at least three genes were present in our original 9,396 gene dataset. To first test if intron length coevolution could be detected across the gene coexpression network as a whole, we applied the randomization test used for protein complexes to the 50 clusters. Similarly to protein complexes, we found that coexpressed genes were significantly more likely to be coevolving compared to sets of random genes (P < 0.0001; fig. 2B ). We next applied this test to each cluster individually to determine which clusters were most enriched for intron length coevolution. We found 17 clusters with significant evidence of coevolution (P < 0.05; uncorrected P-values; table 2). p 0 was estimated to be 0.3, suggesting that 70% of tests were not consistent with the null hypothesis ( fig. 3B ). All 17 tests remained significant after correction for multiple testing using the q-value method (q-value < 0.05; table 2). These clusters It is possible that the intron content coevolution we observed for coexpressed genes or members of protein complexes reflects similar patterns of intron length change in different expression classes (e.g., highly or broadly expressed genes). To explore this possibility, we repeated the randomization tests, matching on median, or maximum gene expression across GTEx tissues in addition to intron length (see "Materials and Methods" section). The randomization test remained significant for both the protein complexes (P ¼ 0.0016 and P ¼ 0.0001, matching on median or maximum expression, respectively) and gene coexpression clusters (P ¼ 0.0002 and P < 0.0001). Thus, we did not find evidence that expression class was the driver of intron content coevolution of members of protein complexes or coexpression clusters. We also considered the possibility that correlated change in intron length of coexpressed genes and members of protein complexes results from genomic colocation. It has previously been shown that genes in close proximity to each other tend to have similar patterns of gene expression and similarly sized introns (Urrutia and Hurst 2003; Batada et al. 2007) . To investigate the possible impact of this on our analysis, we repeated our randomization test but this time excluding all gene pairs within a genomic distance of 1 Mb. We found that this did not significantly alter our results, as both protein complexes and coexpressed genes were still found to be significant after the exclusion of these gene pairs (P < 0.0001 for both the protein complex and coexpressed genes). Therefore, we conclude that chromosomal location or linkage does not significantly contribute to the patterns of intron length coevolution we observed.
Functional Enrichment in Coevolving Gene Modules
Considering all genes, we constructed a network of genes with edges corresponding to gene pairs that showed highly correlated change in intron content across the phylogeny (partial Pearson correlation > 0.7; see "Materials and Methods" section for details), and then calculated the Simpson coefficient for each pair of genes in the resulting network. Hierarchical clustering of this matrix identified 14 distinct modules (fig. 4) . To assess the sensitivity of this method to the choice of correlation threshold, we repeated this analysis at various thresholds ranging from 0.1 to 0.9. We found that this did not significantly alter the structure or content of these gene modules (supplementary fig. S2 , Supplementary Material online), indicating that this analysis is robust to choice of threshold.
Four of these modules were functionally enriched for biological processes (FDR < 0.05; see supplementary table S3, Supplementary Material online, for a list of genes in each of these coevolution modules). The most significantly enriched biological process for each of these modules is shown in table 3 (for a complete list of enriched processes, Next, we examined the patterns of change in intron content across the phylogeny for each of the four coevolving modules that were enriched for biological processes (supplementary fig. S3 , Supplementary Material online; see "Materials and Methods" section for details). We were interested to determine whether the coordinated change in intron length observed in these enriched modules reflected a trend towards longer or shorter intron lengths in these gene sets along specific lineages. In general, increasing intron length was observed more frequently than decreases in intron length, consistent with what has been reported previously (Gelfman et al. 2012) . Modules 1 and 3 showed some similarity in the rate of intron change across branches in the primate clade (supplementary fig. S3A and C, Supplementary Material online). In modules 2 and 4, much of the signal appeared to arise from rapid increase in intron length in the enriched gene sets on individual branches (sup plementary fig. S3B and D, Supplementary Material online).
In the case of Pearson correlation, coordinated change in intron content along a single branch among members of a gene set may be sufficient to generate a signal of coevolution. In contrast, the rank-based Spearman correlation would require coordinated changes on multiple branches. To identify signals of coevolution likely to result from coordinated changes in multiple branches, we repeated the analysis using Spearman correlation (see "Materials and Methods" section for details). With a lower threshold in this case (q > 0.5), we were able to construct 16 modules from this data, four of which were functionally enriched (FDR < 0.05; supplemen tary fig. S4 , Supplementary Material online; see supplemen tary table S5, Supplementary Material online, for a list of genes in each enriched module). These modules were enriched for developmental processes, including central nervous system development (modules S2 and S3; supplementary table S6, Supplementary Material online), consistent with our results from analysis of the partial Pearson correlations. Interestingly, we also found that these modules were enriched for several metabolic processes, as well as several processes related to the cell cycle (module S1; supplementary table S6, Supplementary Material online). There was also a significant overlap between these modules and modules identified using Pearson correlation (supplementary table S7, Supplementary Material online). Although some of the Pearson modules overlapped significantly with more than one Spearman module, the same themes emerged. In both cases, the enriched coevolving modules were enriched for developmental and cell cycle processes. Clear modules were only visible at lower thresholds than for the Pearson correlation, although traces of these modules persisted at higher thresholds (supplementary fig. S5, Supplementary Material online) .
Effects of Species Choice
The nine species in figure 1 were selected from the 15 species for which alignments were available as a tradeoff between maximizing the number of species and maximizing the number of genes for which an ortholog was found in all species. We also considered a second tree (supplementary fig. S6 , Supplementary Material online), consisting of ten species and including a slightly reduced number (8719) of genes. Results obtained using this set of species was similar to those obtained on the original data set. Both protein complexes and coexpressed genes were significantly more likely to show evidence of intron length coevolution compared to sets of random genes with similarly sized introns (P ¼ 0.0001 and P < 0. 0001 for the CORUM protein complexes and GTEx coexpressed genes, respectively), consistent with our previous findings from the nine species tree. We were able to identify 13 coevolving modules (supplementary fig. S7 , Supplementary Material online), one of which was significantly enriched for developmental processes, though not, specifically, for brain development (supplementary tables S8 and S9, Supplementary Material online). We also tested the effects of the human-centric approach we adopted to defining gene models (see "Materials and Methods" section) and instead defined introns according to gene models annotated in cow. Evidence for intron length coevolution remained significant for both the protein complexes and GTEx coexpression clusters (P ¼ 0.005 and P < 0.0001, respectively).
Coevolution of Intergenic Lengths
Although we hypothesized that genes that require precise coordination in the timing of their expression may show evidence of coevolution in intron content, this does not imply that selection acting on transcription time is the only possible cause of coevolution in intron content. For example, similarities in the genomic context of functionally related genes may result in similar patterns of insertion and deletion events across lineages that could result in correlated evolution. Furthermore, introns, particularly first introns, contain regulatory elements, and functionally related genes may have similar regulatory complexity. Changes in the selection pressures acting on functionally related sets of genes along distinct lineages could allow them to become more or less permissive to loss or gains of regulatory sites through deletions or insertions, potentially giving rise to correlated change in intron content across the phylogeny. As a test of these alternative and other similar potential sources of intron content coevolution, we redid the analysis but this time treating the length of the intergenic region as the property of interest. Genes belonging to the same protein complex did not show evidence of coevolution of the length of intergenic regions (P ¼ 0.72). Coexpressed genes showed marginally significant evidence (P ¼ 0.07) of coevolution of the lengths of intergenic regions, but the extent of coevolution for intergenic lengths was significantly less than for intron lengths (e.g., partial Pearson correlation coefficients of genes belonging to the same GTEx coexpression clusters were significantly higher in the case of introns than intergenic regions; P ¼ 7.4 Â 10
À8
). However, coevolution modules similar to Intron Length Coevolution across Mammalian Genomes . doi:10.1093/molbev/msw151 the modules shown in figure 4 were also observed for intergenic lengths and these were also significantly enriched for genes associated with developmental processes, but not for cell cycle processes (supplementary fig. S8 and tables S10 and S11, Supplementary Material online). Therefore, we conclude that there may be alternative explanations for coevolution of intron lengths of members of some of these modules; however, the coevolution of intron content only, in the case of members of protein complexes and the far stronger coevolution of intron content than of intergenic content for coexpressed gene clusters is consistent with a role for transcription time in intron length coevolution.
Discussion
In mammals, introns comprise up to 95% of the length of primary protein coding transcripts (Mattick and Gagen 2001) , raising questions as to the evolution and functional consequences of such large introns. While some theories have argued that the expansion of introns in eukaryotes is largely a semi neutral process resulting from the failure to prevent insertions that have only a slightly deleterious effect on fitness in organisms with small effective population sizes (Lynch 2002 (Lynch , 2006 , others have focused more on the functional roles of introns, particularly in gene regulation. The genome design theory suggests that intron length reflects gene function (Vinogradov 2006) . Others have argued that the shorter introns found in highly expressed genes are due to selection for transcriptional efficiency (Castillo-Davis et al. 2002; Urrutia and Hurst 2003; Seoighe et al. 2005) In this study, we carried out an investigation into intron length coevolution in mammals. We have shown that evolutionary changes in intron content are positively correlated among several sets of coregulated genes, including multiprotein complexes and coexpressed genes. Transcriptional coregulation of protein complex subunits is conserved over evolutionary time (Webb and Westhead 2009) . Our results show that members of the same protein complex are significantly more likely to show coevolution of intron length compared to sets of randomly sampled genes with similar intron content. Coordinated expression of the components of protein complexes is important for the proper formation of the complex (Papp et al. 2003) . The time that it takes to transcribe genes that encode members of protein complexes places a constraint on the evolution of the intron content of coregulated genes, particularly for genes such as those involved in development or formation of certain protein complexes that are sensitive to small changes in expression timing.
Coevolution in intron content was more apparent for some protein complexes than for others. For example, the NCOR1 complex (table 2), a complex that is involved in chromatin modification (Underhill et al. 2000) . Interestingly, four of the top five complexes, including NCOR1, with the strongest evidence of intron length coevolution are annotated in CORUM (Ruepp et al. 2009 ) as being involved in the cell cycle, a time sensitive process. These are NCOR1, CENP-A NCOR/ CAD complex, DMAP1 associated complex, and the LINC complex. Strikingly, our analysis of gene coexpression clusters is in agreement with this result, as coexpression clusters that were enriched for cell cycle genes were also found to be significantly coevolving (clusters 1 and 5; supplementary table S12, Supplementary Material online). The cell cycle is a dynamic process that requires precise temporal regulation of protein complex components at various time points (Lichtenberg et al. 2005) . The presence of cell cycle processes in the set of genes associated with high levels of intron length coevolution is consistent with our initial hypothesis that genes that require precise coordination in the timing of their expression may show signs of intron length coevolution. We propose that for a substantial proportion of such genes large changes in intron length may have deleterious consequences.
Delays in gene expression that result from the transcription of introns are thought to be important in embryonic development (Swinburne and Silver 2008; Takashima et al. 2011) . We have previously found that genes with the greatest conservation in intron length are highly enriched for processes relating to developmental patterning (Seoighe and Korir 2011) . Although, we found little evidence for conserved sequences in the introns of these genes, we could not exclude that the conservation of intron lengths was the result of conserved functional elements within these introns that limited the scope for changes in length through insertion and deletion. The present study takes our original observation further by showing that, not only is the intron content of genes involved in developmental processes conserved, but when changes are observed in the intron content they tend to be shared among coexpressed sets of genes involved in these processes.
Our results suggest that constraints acting on transcription time are not likely to be the only source of intron content coevolution. Our initial hypothesis was that genes that are particularly sensitive to changes in expression timing (e.g., genes involved in developmental patterning) may be particularly sensitive to changes in intron content and that sets of genes with coordinated expression timing (e.g., members of tightly regulated protein complexes) may show evidence of coevolution of intron content. However, this does not preclude that other factors may also cause coevolution of intron content. For example, functionally related genes may sometimes occur in similar genomic contexts that may experience similar mutational patterns across different lineages, setting up correlation in intron length. As a means of exploring these alternatives, we compared the coevolution of intron content to the coevolution of the lengths of intergenic sequences. In the case of members of protein complexes and coexpressed gene pairs, the correlation in intron content was either not found or found to a much lesser extent when we considered intergenic length instead of intronic content, reducing the plausibility of shared genomic context or selective pressures acting to preserve gene regulation as the cause of correlated intron content of these genes. Some of the functionally enriched clusters with coevolving intron content could be reproduced with intergenic lengths rather than intron content, suggesting that these alternative explanations may apply in these cases. This included clusters that were enriched for brain development and consequently we cannot conclude that the coevolution of the intron content of genes involved in brain development reflects the effects of constraints acting on transcription timing.
In summary, we hypothesized that the primary transcript length of sets of genes that require precise coordination in expression timing coevolves. In support of this hypothesis, we found that, in general, genes belonging to the same protein complex and pairs of coexpressed genes are significantly more likely to have coevolving intron length than randomly sampled gene pairs, matched for intron content. We found that some biological processes that are particularly time-sensitive, such as the cell cycle, are particularly enriched for genes with coevolving intron content. Our results suggest that for some sets of genes, intron length is functionally relevant and evolves under natural selection, representing a novel aspect of intron evolution and of the coevolutionary dynamics of coregulated genes.
Materials and Methods

Data
Gene models for human protein coding genes were downloaded from Ensembl release 74 via BioMart (Cunningham et al. 2015) . To identify insertion and deletion events (indels) in the introns of these genes, we downloaded whole genome alignments of 15 eutherian mammals from Ensembl Compara release 74. This data included ancestral sequences, reconstructed using the Enredo-Pecan-Ortheus (EPO) pipeline, at each branch of the phylogenetic tree, allowing indels to be placed on the branch on which they are inferred to have occurred (Hubbard et al. 2009 ). We selected nine species for which complete ortholog sets were available for a large number of genes. This selection was made on the basis of a tradeoff between maximizing the number of species included in the tree and maximizing the number of genes for which orthologs were available for each species in the tree. The latter consideration was important for our analyses, particularly in order to have good coverage of protein complexes. These species were Felis catus, Canis familiaris, Equus caballus, Ovis aries, Bos taurus, Pan troglodytes, Homo sapiens, Gorilla gorilla, and Pongo abelii. Only alignments containing all nine species were used for analysis, resulting in a dataset consisting of 9396 genes. The phylogenetic tree of these species is shown in figure 1.
Partial Correlation of Intron Change
A prediction of our hypothesis is that changes in intron length due to insertions and deletions should be correlated among sets of coevolving genes. To test this, we first calculated the intron content of each gene, defined as the sum of the lengths of all introns in the canonical transcript, using the positions of the intron/exon boundaries of the human gene as a reference. Canonical transcripts were obtained directly from Ensembl. For protein coding genes, these are defined as the transcript with the longest coding sequence without stop codons. Using the indels inferred on the branches of the phylogeny, we also calculated the intron content at each ancestral node. This was done by first calculating the intron content of the last common ancestor of all nine species by subtracting the length of all indels along the human lineage from the intron content of the human gene, and then applying the set of all indels leading to each node. We then calculated the proportional change in the intron content along each branch of the phylogeny. Partial Pearson correlation of this proportional change was calculated for each pair of genes, controlling for the median (over genes) change in intron content along each branch. This allowed us to control for differences in the overall rate of evolution along different branches.
Identification of Coevolving Gene Modules
From the partial correlations calculated above, we constructed a network with edges corresponding to pairs of highly correlated genes (partial Pearson coefficient > 0.7). This network comprised 9,286 genes with 1.2 Â 10 6 edges. To extract modules of coevolving genes, we calculated the Simpson coefficient for each pair of genes a and b using the formula jA\Bj minðjAj; jBjÞ where A and B are the sets of genes that share an edge with genes a and b respectively. We then converted this similarity measure to a distance (1 -Simpson coefficient), and carried out average linkage hierarchical clustering of the resulting matrix in R (version 3.1.1). Modules were extracted from the dendrogram using the dynamicTreeCut method (version 1.62) (Langfelder and Zhang 2014) . To investigate the functions associated with these modules, we carried out Gene Ontology (GO) enrichment analysis using GOseq (version 1.16.2) (Young et al. 2010) . We included intron content as a covariate, to exclude the possibility that the observed functional enrichment was a consequence of shared intron content of genes in certain functional classes (with genes with larger or smaller intron content having had similar proportional changes in intron content over the phylogeny). Each module was tested for enriched biological processes. Correction for multiple testing of the P-values produced by GOseq was done using the Benjamini-Hochberg method in R. To rank these processes in order of enrichment, we calculated the log odds ratio, and the 95% confidence interval of the log odds ratio for each enriched GO term using logistic regression with intron length included as a covariate.
Visualization of Intron Length Change
To show the changes in intron length across the phylogeny of the gene coevolution modules, we carried out a linear regression of the proportional change in intron content against the median change along each branch, for each gene in the module. We then calculated the residuals for these regressions and plotted the mean value obtained on the phylogenetic tree of the nine species. This was carried out for all functionally enriched gene modules and is represented in supplementary figure S3 , Supplementary Material online, using colors to denote the value of the residuals on each branch.
Test for Significantly Coevolving Gene Sets
We developed a randomization-based test that can be used to determine if a given set of genes is significantly more likely to be correlated than expected, compared to random sets of genes with similarly sized introns. First, to account for the possibility that genes with similar intron content may evolve in a similar way, we divided the genes into five intron size classes (<5 Kb, 5-20 Kb, 20-50 Kb, 50-100 Kb and >100 Kb). For each gene within a set of interest, we randomly selected another gene at random from among all genes of the same intron size class. We then calculated the mean partial Pearson correlation of the random pairings. This was repeated 10,000 times and produced a P-value that represents the proportion of times the mean correlation of the random gene set was greater than or equal to that of the real data. A gene set was deemed to be significant if this P-value was less than 0.05. To control for the false discovery rate from these tests, we calculated p 0 , the expected proportion of tests that are consistent with the null hypothesis that coevolution in the gene set is no different to randomly selected genes (Storey and Tibshirani 2003) . This was done using the q-value package in R (version 2.0.0) (Storey 2015) .
We applied this test to a set of human protein complexes obtained from the core set of the CORUM database of mammalian protein complexes (Ruepp et al. 2009 ), and to gene coexpression networks constructed using publicly available gene expression data obtained from the GTEx consortium (Lonsdale et al. 2013) .
To investigate a possible influence of gene expression level on intron length coevolution, we modified the above test to also control for gene expression level in addition to intron size class. To do this, we first calculated the median and maximum expression value for each gene across all tissues of the GTEx gene expression dataset (Lonsdale et al. 2013) . Genes were then placed into one of five categories based on their median or maximum expression, and during the randomization test, genes were randomly resampled from both their relevant intron size class and gene expression class.
Construction of Gene Coexpression Networks
We downloaded gene expression data from the GTEx consortium (data release V4) via the GTEx web portal (www. gtexportal.org). This data consists of Reads Per Kilobase per Million mapped reads (RPKM) expression values calculated from RNA sequencing applied to 42 human tissues/cell-types, sampled from 190 individuals (Lonsdale et al. 2013) . To reduce noise, we only considered genes with RPKM > 0.5 in at least 10% of all samples (22,718 genes). Pearson correlations were then calculated for each gene pair. We constructed a gene coexpression network with edges corresponding to correlated gene pairs (jrj > 0.7). Gene clusters were then identified using the ClusterONE algorithm (version 1.0), which can identify densely connected and overlapping gene clusters within large biological networks (Nepusz et al. 2012) . ClusterONE was run with a minimum cluster size of 10 and maximum matching coefficient between clusters of 0.5. Clusters above this threshold were merged to form single clusters. All other parameters were set at default values. For unweighted networks, ClusterONE determines the statistical significance of the clusters using a one-sided Mann-Whitney U test conducted on the number of inward versus outward edges. A low P-value is obtained when the number of inward edges is significantly greater than the number of outward edges (Nepusz et al. 2012) . A cluster was deemed significant if this P-value was less than 0.05. To relate these clusters to gene function, we annotated each cluster using the most significantly enriched biological process identified using the GOstats package (version 2.30.0) in R (Falcon and Gentleman 2007) . GO terms with an FDR < 0.05 were deemed to be significantly enriched in the coexpression clusters. To visualize the coexpression network, we carried out hierarchical clustering of the adjacency matrix for the network in R. The results of this are shown as a heatmap in supplementary figure S1, Supplementary Material online.
Availability of Software
The analysis presented here was conducted primarily using custom Perl scripts. In order to ensure reproducibility of our results, we have made these scripts available on GitHub at https://github.com/petebio/Intron_coevolution together with detailed usage instructions.
Supplementary Material
Supplementary figures S1-S8, tables S1-S12, and references are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
